Several natural and synthetic retinoids (vitamin-A derived analogies) were examined for their potential anti-cancer activity in both in vivo animal models and a novel in vitro human keratinocyte clonal growth bioassay system. The natural retinoids included all-trans-retinoic (RA), 13-cis-retinoic acid, 4-oxoretinoic acid, and retinol.
Introduction
Carcinogenesis is a multistep process that alters normal phenotype of cells into malignant counterparts, which acquire the ability to invade and metastasize, resulting in clinically frank cancers. Over the last several decades, significant progress has been made in our understanding of the physiological, genetic, environmental, and biochemical basis of cancer etiology [1] . Retinoids are a class of vitamin A analogs which display remarkable ability to promote the growth and differentiation of a variety of mammalian epithelial tissue [2] . Importantly, retinoids are highly active in the suppression of experimental carcinogenesis in both in vivo and in vitro animal models [3] [4]. Furthermore, with the finding that retinoids can arrest or reverse the transformed phenotype of cancer cell in in vitro experimental carcinogenesis [3] , the promise of clinical remission of some cancers has seen some success particularly with the treatment of acute promelocytic leukemia (AML) [5] . Nevertheless, the problem of retinoid resistance [6] [7] has prompted the need to search for new retinoids that might overcome both the problem of toxicity and retinoid resistance. Derivatives of vitamin A, retinoids, have reported activity in treating specific premalignant lesions, and in reducing the incidence of second primary tumors in patients with prior head and neck, lung and liver cancers, but it remains to be proven that retinoids can prevent primary cancers at these sites [8] . With the discovery that retinoids activate nuclear retinoid receptors (RARα, RARβ, and RARγ, and RXR) which form heterodimers that act as transcription activators of specific target genes by modulating gene expression programs, retinoids and rexinoids have been extensively tested in many preclinical studies and for the treatment of malignancies as reviewed elsewhere [9] [10] [11] [12] . In the past, the development of new retinoids has been based primarily on existing data that indicate that substituent modifications could be made at either the nonpolar cyclohexanol ring or at the opposite free carbonyl terminus or at both ends of the vitamin A molecule [13] . Many of these have been found to have potential cancer chemopreventive activity [14] [15] . In this regard, it was reported that the bifunctional retinoids are ineffective as they do not have any binding affinity to the cytoplasmic retinoid receptor CRBPs; similarly, the class of retinoyl-amino acids has been reported to possess activity in the hamster tracheal organ culture (HTOC) bioassay [15] [16] . Close examination of these data, however, indicates that retinoyl-amino acids have anywhere from 3 -5 logs less activity than t-RA. In support of these data, neither the bifunctional retinamides nor the retinoyl-amino acid binds to CRBP [17] . Studies on a series of conformationally-restricted retinoids showed biological activity in both the HTOC bioassay and the retinoid suppression of tumor promoter-induced ornithine decarboxylase (ODC) enzyme bioassays [18] [19] [20] . The focus of our study was to evaluate the potential chemo-preventive activity of selectively natural and synthetic retinoids using several different biological assays and to determine the validity of the methods by investigating whether significant positive linear correlations existed between two or more of the bioassay data. Earlier, we reported results showing that retinoids were active in reversing keratinization in the standard vitamin A-deficient HTOC correlated with the biological activity of retinoids active in reversing keratinization in the HTOC-benzo(α)pyrene-induced squamous metaplasia [16] . We here, and others have shown a correlation between rank order of retinoid to suppress tumor promoter-induced ornithine decarboxylase (ODC) enzyme bioassay [21] [22] and retinoid rank order of potencies in the mouse skin two-stage carcinogenesis (MPA) bioassay. Here, we also report the development of a novel bioassay that employs a rapid and effective in vitro keratinocyte clonal growth method to yield a sensitive rank order of the retinoid potencies with both the ODC and the MPA bioassays. Animals: Female CD-1 mice were purchased from commercial source (Charles River) and housed and fed as previously reported [16] . Syrian Golden hamsters were purchased from Charles River and housed and feed as previously reported [16] .
Materials and Methods

Chemicals
Bioassay methods: 1) ODC Assay: retinoid-mediated suppression of tumor promoterinduced ornithine decarboxylase (ODC) enzyme activity in mouse skin epidermal extracts: Briefly, a group of 3 to 4 CD-1 mice were shaved and their backs painted with 0.2 mL of acetone (control) or 0.2 mL of 17 nm of 13-tetradecanoyl-phorbol-12-acetate (TPA). The area of treated skin was excised and epidermal extracts prepared and their ODC activity was determined by measuring the production of 14 C-CO 2 formed by conversion of radiolabelled putrescine to ornithine as previously described [21] [22] . All ODC assays were performed on mice sacrificed 5 hours after TPA treatment. The protocol developed for testing retinoids always included two TPA only treatment groups, one at the start of the assay and one at the end of the assay to ensure that the inhibitory effect of the unknown test retinoid on ODC levels was bracketed in the window of maximal TPA induction. All test retinoids were stored in N 2 (l) as 10 −2 M stock solutions in dimethylsulfoxide (DMSO), and diluted into acetone in subdued yellow fluorescent lights immediately before application to the shaved backs of mice. The test retinoids were applied 30 minutes prior to TPA.
2) Retinoid-mediated suppression of tumors in mouse skin initiation promotion of tumorigenesis: the procedures employed in this assay are those previously described [23] . Briefly, the shaved backs of CD-1 mice were painted with a single application of 51.2 µg of 7, 12-dimethylbenzanthracene (DMBA) in 0.2 mL of acetone. Two weeks later, a group of 10 shaved mice which received either only acetone or which received only DMBA, were further treated biweekly correspondingly with either TPA only, or acetone only, while the test retinoid was applied 30 minutes before TPA. The mice were examined weekly thereafter and visually scored the production of papillomas. At the 15 week termination of the trial, all TPA-treated mice were necrotized by carbon dioxide, and an exact number of tumors per animal and the area size of each tumor recorded.
3) Vitamin A-deficient bioassay: the procedures for standard hamster tracheal organ culture (HTOC) have been previously described [16] . The procedure measures the abil-ity of a given retinoid to reverse keratinization of tracheal explants derived from hamster in early stage of vitamin A deficiency. Briefly, tracheas are stripped of adherent fat and extraneous tissue, placed in 60 mm petri dish and cultured in 2 mL of serum-free medium, placed in humidified culture boxes and cultured for 3 days without retinoids, after which they are refed fresh medium containing retinoids dissolved in DMSO or DMSO alone. Tracheas are harvested, fixed, embedded in paraffin, sectioned, stained and scored for the presence of keratin, and keratohyaline granules. As a control, we employed RA at 1 × 10 −9 M which suppressed keratinization by approximately 90%.
4) Benzo(α)pyrene (BP) bioassay: the BP-HTOC bioassay is similar to that described above, except that keratinization is induced by 5.0 µg/ml of benzo(α)pyrene (BP) in the explants of normal hamster tracheas as previously described [16] .
5) Retinoid inhibition of normal and malignant keratinocyte clonal growth: the procedures employed in this bioassay are similar to those previously described [24] . Briefly, Trans-retinylmethyl ester (t-RME) and the TMMP analogue of t-RME had about equal activity with an IC 50 value of 17nm. None of the other retinyl esters showed significant activity. Both etretinate and the TMMP analogue of t-retinol were as active in inhibiting ODC as the TMMP analogues of t-RME. Four compounds of the arotinoid series were tested. Two displayed good activity comparable to t-retinol, i.e., ( inactive, whereas the 14[(ethylamino)-13] cis-retinoic acid had good activity. Earlier, it was reported [25] that 4-oxoretinoic acid, a natural metabolite of RA, is a biological active retinoid. We examined both 4-oxoretinoic acid and more than a dozen different 3-substitute 4-oxoretinoic acids and their corresponding methyl ester (see Table 1 , #s:6, 23 -26). The majority of the all-trans-4-oxoretinoic acids derivatives had good bioactivity in the ODC bioassay equal to RA or retinol. The 3-ethyl-, 3-(2-propenyl) and 3-(2-propenyl) derivatives of 4-oxoretinoic acid were less active.
Results
Evaluation of Retinoid Suppression in Mouse Skin ODC Assay
Evaluation of 4-Oxoretinoids in the Mouse Skin Papilloma Bioassay
As expected from previous HTOC results 4-oxoretinoic acid (see Table 1 (abscissa) for several well-studied retinoids: t-RA, 13-cis-RA, t-RME, t-RPE. 4HPR and DMBA/TPA. Interestingly, both t-RME and 4HPR actually produced more tumors over the time course of TPA-promotion than DMBA/TPA suggesting that they are themselves tumor promoters relative to the classic chemopreventive retinoids t-RA and 13-cis-RA. Both of the 3-substituted ethyl derivatives of 4-oxoretinoic acid were only marginally active. The N-17-oxoestra-1,3,5[10]-trien-2-yl retinamide had some marginal activity, while no activity was detected for the 13-cis-N-ethylretinamide indicating that retinamides are not equally active is suppressing mouse skin tumors. The TMMP analogues of retinol had no anti-tumor activity nor did any of the compounds tested in the retinyl ether and dicarboxyl retinoic acid series (Table 3 ). Figure 5 shows the general structural formula of retinoyl amino acid compounds [26] , and a list of those synthesized and tested in the MPA assay. Figure 6 presents a plot of TPA-promotion of retninoyl-glycine in comparison to t-RA, cis-RA and DMBA/TPA.
Evaluation of Some Retinoyl-Amino Acid in the Mouse Skin Papilloma Bioassay
Among the retinoyl-L-amino acid tested only retinoyl-L-glycine and t-retinoyl-l-leucine (see Figure 4 ) displayed marginal antitumor activity.
Evaluation of Retinoids in the HTOC Bioassay
The HTOC bioassay is widely used one of the standard procedures to assay new retinoids.
Retinoids are evaluated by their ability to reverse squamous metaplasia and keratinization of the tracheal epithelium in organ explants from vitamin A-deficient hamsters. Recently, we developed a second HTOC assay which is rapid, reliable and more relevant to antitumor activity of retinoids. In this BP-HTOC bioassay, the carcinogen, benzo(α)pyrene is used to induce keratinizing lesions of the tracheal epithelium of normal tracheas organs cultured in Vitro. Normal tracheas cultured in control medium do not develop lesions. Table 4 
t-retinyl methyl ether (t-RME), t-retinyl propyl ether (t-RPE), t-retinyl carbonylmethyl
ether (t-RCME), and 13-cis-rethyl methyl ether (cis-RME) had a ED 50 value of 2.9 × ¹ED-50 values were estimated graphically from best-fitting straight lines obtained by standard methods of linear regression analysis using data derived from typical experiments.
Evaluation of Retinoids by Determining the Dose-Dependent in Vitro Inhibition of Clonal Growth of NHK and Squamous Carcinoma Cells (SCC) Bioassay
A model system has been developed to screen retinoids for antitumor potential. It involves a quantitative assay of the dose-dependent inhibition of the proliferative potential of normal human keratinocytes (NHK) cultured in a serum-free medium in the presence of increasing concentrations of the test retinoids. The rationale for this bioassay is the need for a rapid and reliable assay that correlates with antineoplastic activity in other bioassays (ODC, MPA and HTOC), and is relevant to chemoprevention in human cells. Previous studies [27] reported that all-trans-RA inhibited batch culture growth of HeLa cells and arrested their growth in the G1 phase of the cell cycle. NHK ( Figure 11 ) and SCC-25 ( Figure 12 ). The rank order of NHK sensitivity to clonal growth inhibition for these select retinoids was RA > 13-cis-RA > 4HPR > N-ER. Correspondingly, the rank order of sensitivity to inhibition of SCC-25 clonal growth for these select retinoids was identical with 2 -3 log 10 less sensitivity for SCC-25 cell line.
The effect of five other retinoids (trans-retinol, cis-retinol, trans-RME, trans-retinoylglycine and trans-TPE) gave similar results with a rank order of sensitivity to inhibition of clonal growth identical in both NHK and SCC-25, again, with a 1 -2 log less sensitivity for SCC-25 relative to NHK (see Table 5 ). 
Statistical Analysis of Retinoid Bioassays
We have examined whether there are strong positive correlations between the several different in vivo bioassay and between the different in vivo and in vitro clonal growth bioassays. Figure 13 , M values (abscissa) and log reduction in ODC activity for select retinoids (ordinate):1) t-RA, 2) 13-cis-RA), 3) 13-cis-NER, 4) t-RME, 5) 4-HPR, 6) t-RPE, 7) dicarboxy, t-RA/cis RA, 8) t-RA-glycine, 9) t-REE, 10) t-RA-leucine, 11) t-RA-alanine, 12) t-RA-phenylalanine, 13 13-cisRA-leucine, and 14) t-NER/cis-NER,. Best-fitting line determined by linear regression analysis.
between log reduction in papillomas per mouse over an approximately 6 log 10 range and log reduction in ODC activity over a range of 95% suppression of IDCA activity.
Linear regression analysis confirmed a significant positive correlation (r = 0.85). Table 6 presents data for 7 retinoids (t-Ra, cis-RA, t-RME, 4-HPR, 13-cis-NER *(excluded as an outlier), t-retinoyl-glycine, and t-RPE)
showing that there is a positive correlation in the rank order of retinoid sensitivity Figure 14 . Linear correlation between log reduction of papillomas per animal (abscissa) and log reduction in ODC activity for select retinoids (ordinate): 1) t-RA, 2) 13-cis-RA), 3) 13-cis-NER, 4) t-RME, 5) 4-HPR, 6) t-RPE, 7) dicarboxy, t-RA/cis RA,, 8) t-RA-glycine, 9) t-REE, 10) t-RA-leucine, 11) t-RA-alanine, 12) t-RA-phenylalanine, 13 13-cisRA-leucine, and 14) t-NER/cis-NER. Best-fitting line determined by linear regression analysis.
between log reduction in papillomas per mouse in the MPA bioassay and the log IC 50 inhibition of NHK clonal growth. Linear regression analysis of the above data had a significance (r = 0.9) and p = 0.001). Remarkably, this correlation yields the same rank order of retinoid sensitivity as shown above for the correlation between log reduction in ODC activity and log IC 50 inhibition of NHK clonal growth, suggesting that the NHK bioassay is by far the best method to assess new chemopreventive retinoids.
Statistical Model
The statistical analyses performed for the above bioassay data preceeded in two general directions: 1) search for statistical correlations among the assays, and 2) development of a statistical screening model. For this purpose, we examined a sample of 37 retinoids in the mouse papilloma assay and the mouse ODC enzyme induction assay for significant correlations, Using the Pearson correlation coefficient, r, we found a significant correlation r = 0.72, p = 0.0001; and using the Spearman rank correlation coefficient, R, we Figure 15 . Linear correlation between log reduction in papillomas per mouse (abscissa) and log ED 50 , M of the vitamin A-deficient HTOC bioassay for select retinoids (ordinate). 1) t-RA, 2) 13-cis-RA), 3) 13-cis-NER, 4) t-RME, 5) 4-HPR, 6) t-RPE, 7) dicarboxy-t-RA/cis RA, 8) t-RA-glycine, 9) t-REE, 10) t-RA-leucine, 11) t-RA-alanine, 12) t-RAphenylalanine, 13 13-cisRA-leucine, and 14) t-NER/cis-NER. Best-fitting line (-) and second best fit line (--) excluding 13-NER as determined by linear regression analysis. 13-cis-NER, 6) t-RME, and 7) t-RPE.
Antineoplastic Retinoids
Retinoic acid, the most potent natural retinoid, is essential for normal cell growth and differentiation [28] . Aberrations in retinoid signaling cascade is often associated with abnormal cell growth and tumorigenesis. Currently, there are several retinoids and one rexinoid approved for treatment of specific cancers [29] . The rexinoid, 9-cis-retinoic acid is approved for the treatment of acute promyeolcytic leukemia (APL). 9-cis-reti- 
Discussion
Our search for bioactive retinoids as effective cancer chemopreventive agents was focused on developing and validating several different reliable bioassays. Historically, this search led to the vitamin-A deficient hamster tracheal organ culture (HTOC) method [14] [33] and was later supplemented by a more rapid, less time-consuming and yet just as reliable BP-HTOC bioassay [16] . With the development of the ornithine decarboxylase (ODC) enzyme bioassay method, an entirely independent bioassay method became available. Each of these bioassay methods has been employed to assess new classes of retinoids for their potential anti-cancer activity. An important limitation of these bioassay methods has been their failure to predict their clinical outcome in human cancer clinical trials. In particular, the therapeutic index, a measure of the ratio of beneficial dose of retinoid to risks such as toxicity, has excluded all-trans retinoic acid (t-RA) and other promising retinoids. Nevertheless, several anti-neoplastic retinoids are in use today (reviewed here). In order to continue the effort to discover new potent and safe anticancer retinoid drugs, we have developed a rapid, reliable, and more relevant bioassay method based on the ability of select retinoids to inhibit the clonal growth of normal human keratinocytes. This bioassay method was validated here by demonstrating its ability to rank order a retinoid's sensitivity to inhibit clonal growth that correlated with that same test retinoids ability to suppress ODC activity. In this regard, we showed that the rank order of sensitivity of a given retinoid to inhibit clonal growth extends to SCC-25, a human epidermoid carcinoma cell line. Of interest was the finding that for each retinoid tested the tumor cells were less sensitive to retinoid inhibition of clonal growth. A note of caution is the possibility of toxicity and cell death at retinoid concentrations above 1 × 10 −6 M, which could limit the detection of retinoid bioactivity. Earlier, we reported [34] that all-trans-RA prevents super-induction of benzo(α)pyrene-induced aryl hydrocarbon hydroxylase enzyme in serum-free NHK cultures, indicating that RA suppresses metabolic activation of arylhydrocarbon carcinogenesis. Further, we reported that RA effectively inhibits phosphoprotein kinase activity regulating the proliferation of both NHK and SV-40 transformed keratinocytes [35] . These latter findings could lead in the future to more specific biochemical retinoid bioassay methods.
